TIG-MIG hybrid welding process has a possibility as a new type of welding process with high quality and high efficiency. However, the mechanism of this process is not clear due to complex interaction of TIG arc and MIG arc. In this study, the calculation of arc phenomena in TIG-MIG hybrid welding process was performed by using three-dimensional numerical model, in which torch angle was changed. Consequently, it was found that the expansion of high temperature plasma between the electrodes and the current between the electrodes increased with torch angle, and the balance determined by the stiffness and repulsion of both arc was important for the convergence of heat flux. It was also found that TIG-MIG hybrid welding process had the possibility to optimize the plasma property and the heat source property by adjusting TIG and MIG torch angles.
Introduction
Gas shielded arc welding are used as arc welding processes which require high quality welded joint. For example, TIG welding can produce especially high quality welded joint because it is conducted in pure inert shielded condition although welding speed is low. On the other hand, MIG welding has advantage in efficiency although it is necessary to admix several percent of oxygen to shielding gas to stabilize arc plasma through prompting thermionic electron emission from the base metal surface 1, 2) which leads to lowering of quality comparing to that of TIG welding.
We found that MIG arc can be stable even under pure argon shielding gas by simple hybridization of TIG and MIG. The new welding process is TIG-MIG hybrid welding process 3) , which has the above both advantages, high quality and high efficiency.
However, in TIG-MIG hybrid welding process, because the arc phenomena become more complex due to interference of both arc, it is difficult to optimize the heat source property of the process through understanding phenomena theoretically. In this study, we discussed the influence of torch angle on the plasma property and the heat source property in TIG-MIG hybrid welding process with three-dimensional numerical analysis model. 
Simulation Model

TIG-MIG hybrid welding process
Modeling
In this study, the numerical analysis model needs to be three-dimensional because arc phenomenon is asymmetric in TIG-MIG hybrid welding process. The three-dimensional model was developed based on the two-dimensional numerical analysis model assuming the axial symmetry [4] [5] [6] [7] . (1) The arc plasma satisfies LTE approximation.
(2) Flow is laminar. And the governing equations used in this model are listed as follows.
Mass conservation equation
Momentum conservation equation
Energy conservation equation (5) Current conservation equation (6) Maxwell-Ampere equation (7) (8) In the following equations, ρ, ν, p, B, η, j, g, h, κ, c p , E, U, σ, refer respectively density, velocity, pressure, magnetic field, viscosity coefficient, current density, gravity acceleration, enthalpy, thermal conductivity, specific heat, electric field, radiation loss and electric conductance.
Table1 shows the welding conditions in this study. TIG current of 300A and MIG current of 270A are defined as typical condition. In this study, and TIG and MIG touch angles are changed in the range of 0°~30°and 30°~60°. 
(iii) TIG0°MIG60°, (iv) TIG30°MIG30°. Fig.3 shows the arc shapes as function of torch angle.
In TIG-MIG hybrid welding process, the two electrodes with different property and reverse polarity are facing each other, and high temperature arc plasma between the two electrodes is formed by the collision of the plasma jets generated near both electrodes. Therefore, a current path is formed between two electrodes because electrical conductivity increases there due to existence of the high temperature arc plasma. Therefore as it can be noticed for Table2 and Fig.3 , torch angle affects the arc shape and the current balance. It can be confirmed that the arc shape in Fig.3 (iv) is approximately same as that observed in the experiment 3) .
In case of TIG torch angle of 0°, as MIG torch angle increases from 30° to 60°, the expansion of high temperature plasma between the electrodes increases, and the current between electrodes also increases. The expansion is determined by the balance between the stiffness of arc and the repulsion of both arcs.
The electric conductivity depends on the expansion. As a result, as MIG torch angle increases, the current between the electrodes increases from 6A to 38A.
Likewise, in case of MIG torch angle of 30°, as TIG torch angle increases, the current between the electrodes increase, although the distance between each electrode tip increases. From the results, it is considered that torch angle is more effective than the distance between each electrode tip in the current between the electrodes. Fig.4 shows the distribution of heat flux to base metal as function of torch angle at x=0. As the distance between two peaks of heat flux change depending on the distance between high-temperature regions of both arcs, the distributions of heat flux in Fig.4 approximately agree with the arc shapes in Fig.3 .
The influence of torch angle on heat source property
The convergence of heat flux is peaked at TIG0°MIG45°. It is considered that the convergence of heat flux depends on the balance between the stiffness of arc and the repulsion of both arcs.
Because the distance between high-temperature regions of both arcs becomes the shortest, and the heat input concentrates
(iii) TIG0°MIG60° (iv) TIG30°MIG30° Fig. 3 The arc shapes as function of torch angle.
between the electrodes in TIG0°MIG45°.
As compared with the other results, the maximum of heat input becomes the smallest in TIG0°MIG60°. For this reason, it is thought that because the length of the arc column generated from MIG wire is longer than those of the other results, the plasma temperature near the surface of base metal is lower than those of the other results.
Conclusions
The calculation of arc phenomena in TIG-MIG hybrid welding process was performed by using three-dimensional numerical model, in which torch angle was changed. Consequently, it was found that the expansion of high temperature plasma between the electrodes and the current between the electrodes increased with torch angle, and the balance determined by the stiffness and repulsion of both arc was important for the convergence of heat flux. It was also found that TIG-MIG hybrid welding process had the possibility to optimize the plasma property and the heat source property by adjusting TIG and MIG torch angles.
